Background-␤-blockers are routinely prescribed in congenital long-QT syndrome (LQTS), but the effectiveness and limitations of ␤-blockers in this disorder have not been evaluated. Methods and Results-The study population comprised 869 LQTS patients treated with ␤-blockers. Effectiveness of ␤-blockers was analyzed during matched periods before and after starting ␤-blocker therapy, and by survivorship methods to determine factors associated with cardiac events while on prescribed ␤-blockers. After initiation of ␤-blockers, there was a significant (PϽ0.001) reduction in the rate of cardiac events in probands (0.97Ϯ1.42 to 0.31Ϯ0.86 events per year) and in affected family members (0.26Ϯ0.84 to 0.15Ϯ0.69 events per year) during 5-year matched periods. On-therapy survivorship analyses revealed that patients with cardiac symptoms before ␤-blockers (nϭ598) had a hazard ratio of 5.8 (95% CI, 3.7 to 9.1) for recurrent cardiac events (syncope, aborted cardiac arrest, or death) during ␤-blocker therapy compared with asymptomatic patients; 32% of these symptomatic patients will have another cardiac event within 5 years while on prescribed ␤-blockers. Patients with a history of aborted cardiac arrest before starting ␤-blockers (nϭ113) had a hazard ratio of 12.9 (95% CI, 4.7 to 35.5) for aborted cardiac arrest or death while on prescribed ␤-blockers compared with asymptomatic patients; 14% of these patients will have another arrest (aborted or fatal) within 5 years on ␤-blockers. Conclusions-␤-blockers are associated with a significant reduction in cardiac events in LQTS patients. However, syncope, aborted cardiac arrest, and LQTS-related death continue to occur while patients are on prescribed ␤-blockers, particularly in those who were symptomatic before starting this therapy. (Circulation. 2000;101:616-623.)
T he congenital long-QT syndrome (LQTS) is a familial disorder in which affected individuals have prolonged ventricular repolarization, frequent syncopal episodes, and a propensity to sudden arrhythmic cardiac death. 1 Syncope and sudden death may be precipitated by acute arousal, 2 and ␤-blockers have become standard prophylactic therapy. 3, 4 Other forms of therapy have included pacemakers to prevent bradycardia-induced ventricular tachyarrhythmias, 5 surgical antiadrenergic therapy with left cervicothoracic sympathetic ganglionectomy, 6, 7 and implantable cardioverter defibrillators (ICD) in LQTS patients refractory to more conservative therapy. 8 There has never been a randomized, double-blind, placebocontrolled trial to evaluate the safety and efficacy of ␤-blockers in LQTS. It would be difficult to carry out a randomized trial with ␤-blockers in LQTS at this time because of the apparent clinical efficacy of ␤-blockers in this disorder. 4 This study was undertaken to investigate the clinical effectiveness of ␤-blockers in LQTS patients enrolled in the International LQTS Registry and to evaluate risk factors for syncope, aborted cardiac arrest, and death during prescribed ␤-blocker therapy.
LQTS patients who had ␤-blocker therapy prescribed before 41 years of age were included. LQTS was diagnosed by prolonged QTc criteria for age and gender as previously reported. 1 Genotype data were available on 139 LQTS patients (69 LQT1, 42 LQT2, and 28 LQT3 patients).
␤-Blocker Therapy
␤-blocker therapy was initiated at the discretion of each patient's attending physician. Various ␤-blockers were prescribed in LQTS patients enrolled from around the world. During the initial patient contact, we determined, to the extent possible, if ␤-blockers had been started, the specific ␤-blocker initiated, the date started, the prescribed dose, and the patient's weight. At subsequent yearly contacts, we recorded whether the patient continued taking ␤-blockers, and if so, the daily dose; if patients discontinued therapy we recorded the date stopped. Among patients who died, we retrospectively determined if the patient had been on a prescribed ␤-blocker before death.
LQTS-Related Cardiac Events
LQTS-related cardiac events include unexplained syncope, aborted cardiac arrest requiring cardiac resuscitation, unexpected sudden death exclusive of a known cause before age 41 years, and sudden death during LQTS-related surgery (nϭ1).
Data Management
Clinical data were recorded on prospectively designed forms and included patient and family history and demographic, electrocardiographic, therapeutic, and cardiac event information. The reported analyses used LQTS analytic database version 9.0 (released October 22, 1997).
Statistical Analysis
To evaluate the effect of ␤-blocker therapy, a matched-period analysis was performed. For each patient, periods of equal duration before and after starting ␤-blocker were identified, with patients serving as their own controls. The number of cardiac events, event rates per patient, and event rates per year were determined for the matched periods and aggregated or averaged over patients. The event frequencies after initiation of ␤-blockers were determined using both an intention-to-treat-type approach (all patients started on ␤-blockers were included in the subsequent matched-period analysis) and an on-treatment approach (patients were censored during the time they were known to be off ␤-blockers for Ͼ2 days). Numbers of cardiac events Ͼ25 for a given patient before or after starting ␤-blockers were counted as 25 (nϭ18 patients), and rates of cardiac events Ͼ5 per patient per year were treated as 5 (nϭ62 patients). When comparing the numbers of patients with any cardiac event before and after starting ␤-blockers, McNemar's 2 test was used. When comparing counts of cardiac events or rates of cardiac events, Wilcoxon's signed rank test was used. All P values are 2-sided.
To identify risk factors for cardiac events during prescribed ␤-blocker therapy, we used the Cox proportional hazards method. 9 The response studied was the duration of time until an end point occurred and up to 2 days after discontinuing therapy. The potential risk factors studied were demographic and clinical characteristics of patients before ␤-blocker therapy was initiated. To estimate the cumulative probability of events over time, the cumulative hazard method was used with a log transformation for constructing confidence limits.
Results

Population Characteristics
The pertinent clinical characteristics of the study population are presented in Table 1 . Probands were predominantly female, had a higher frequency of congenital deafness, were more symptomatic, had slower baseline heart rates and longer QTc intervals before ␤-blockers, and were more likely to have received ancillary LQTS therapies than affected family members. The dose and the dose per kilogram body weight of 4 different ␤-blockers prescribed at initiation of therapy and during follow-up (on average, 2.5 years later) are presented in Table 2 . For the most part, there was an increase in ␤-blocker dosage during follow-up. The prescribed ␤-blocker doses were similar in probands and affected family members. The percentage of patients remaining continuously on prescribed ␤-blockers 5 years after initiation of therapy was 82% ( Figure 1 ).
Cardiac Events and Cardiac Event Rates During Matched Time Periods
The average durations of risk exposure before and after starting ␤-blocker therapy were similar (Ϸ5 years) in the Patients with aborted cardiac arrest or LQTS death, n (%)
11 (4) 11 (4) Patients with LQTS death, n (%) † 10 (3)
For 27 probands and 3 affected family members, the occurrence but not the count of cardiac events in a pre-␤-blocker or ␤-blocker period was known; these 30 patients are omitted when the number of cardiac events was used in the analyses. Cardiac events before ␤-blockers include syncope or aborted cardiac arrest; cardiac events after starting ␤-blockers also include LQTSrelated death. Values are meanϮSD where indicated. The risk exposure before and after ␤-blockers was 5.2Ϯ4.4 years (range Ͻ0.1-19.9) for probands and 4.5Ϯ3.9 years (range Ͻ0.1-15.7) for affected family members.
†By definition of matched periods, LQTS death could not occur before ␤-blocker treatment. probands and the affected family members (Table 3) . ␤-blockers were associated with a small but significant reduction in QTc. The number of patients with cardiac events, the number of events per patient, and the event rate per patient per year were each significantly reduced (PϽ0.001) after starting ␤-blocker therapy in probands and in affected family members (Table 3 ). The reduction in the rate of cardiac events was most marked in patients with the highest pre-␤-blocker event rates (Figure 2A and 2B). Ten probands and 10 family members died after starting ␤-blockers, with 3 probands and 2 family members having discontinued ␤-blockers before death. A limited number of patients had ECGs before and after ␤-blockers (Table 4) . ␤-blockers were associated with a significant decrease in the calculated QTc interval in those who were asymptomatic after initiation of ␤-blockers; there was a similar but nonsignificant reduction in QTc in those who subsequently experienced syncope and a slight increase in QTc in those with subsequent aborted cardiac arrest/death ( Table 4) .
The ␤-blocker results in the subset of 139 genotyped patients are presented in Table 5 . ␤-blocker therapy had minimal effects on QTc in all 3 genotypes but was associated with a significant reduction in events and event rates in LQT1 and LQT2 patients. There was no evident effect of ␤-blockers on events in the small number of patients with LQT3. Of the 5 deaths that occurred in the genotyped patients after starting ␤-blockers, only 1 patient (LQT3) had discontinued therapy before death.
The dose of ␤-blockers (milligrams per kilogram body weight per day) was divided at the median for each of 4 . There were similar and significant reductions in cardiac event rates above and below the median ␤-blocker doses. Bottom, Cardiac event rates per year before (pre-BB) and after (post-BB) starting propranolol (3 doses: Յ1.5, 1.6 to 2.5, and Ͼ2.5 mg/kg body wt per day) during matched time periods. There were similar and significant reductions in the cardiac event rates at the 3 propranolol doses. Patients with LQTS death, n (%) † 2
The risk exposure before and after ␤-blockers was 5.9Ϯ4.6 (range Ͻ0.1-16.7) years for LQT1, 7.2Ϯ5.0 (Ͻ0.1-19.9) years for LQT2, and 5.6Ϯ4.1 (Ͻ0.1-14.1) years for LQT3 patients. Cardiac events before ␤-blockers include syncope or aborted cardiac arrest; cardiac events after starting ␤-blockers also include LQTS-related death. Values are meanϮSD where indicated.
*Number of patients available with paired ECGs before and after ␤-blockers. †By definition of matched periods, LQTS death could not occur before start of ␤-blocker treatment.
␤-blockers (atenolol, metoprolol, nadolol, and propranolol), and the reductions in cardiac event rates with ␤-blocker doses below and above the median aggregated doses were similar (Figure 3, top) . Event-rate analyses were also performed for propranolol doses at Յ1.5, 1.6 to 2.5, and Ͼ2.5 mg/kg body wt per day, with significant and similar event-rate reductions at each of 3 dosage levels (Figure 3, bottom) .
Risk Factors for Cardiac Events While on Prescribed ␤-blockers
To evaluate factors influencing the occurrence of cardiac events while patients were on prescribed ␤-blockers, we used the entire pre-and post-␤-blocker experience (not limited to the matched time periods) and omitted any time periods during which each patient was known to be off ␤-blockers for Ͼ2 days. The risk factors for experiencing any cardiac event or for aborted cardiac arrest or death while on prescribed ␤-blockers are presented in Table 6 . Risk was higher in those with ␤-blocker therapy initiated at a young age. For those who experienced syncope only or aborted cardiac arrest before starting ␤-blockers, the hazard ratios for any cardiac event on ␤-blockers were similar (6.0 and 5.1, respectively, Table 6 ). The dominant risk factor for experiencing aborted cardiac arrest or death on ␤-blockers was a pre-␤-blocker history of aborted cardiac arrest, with a hazard ratio 12.9 compared with those who were asymptomatic before ␤-blockers (Table 6 ). Prior syncope only was less of a risk factor, with a hazard ratio 3.1.
Variables that did not make significant contributions to the time-to-event risk models, including QTc, are listed in Table  6 . Similar hazard ratios to those reported in Table 6 were found for the symptom categories when children Ͻ1 year of age at the time ␤-blockers were initiated (nϭ81) were excluded. Also, we found similar hazard ratios when comparing therapy by decades when ␤-blockers were started (1980 -1989 versus 1990 -1997) .
Estimates of the cumulative probability of cardiac events and of aborted cardiac arrest or death over time on prescribed ␤-blockers for patients Ն10 years of age, subdivided by symptom status before ␤-blockers, are presented in Figure 4A and 4B. Among patients who were symptomatic before initiation of ␤-blockers, 32% (95% CI, 27 to 37) will have recurrent symptoms or death within 5 years while on ␤-blockers ( Figure 4A ). Among patients who had an aborted cardiac arrest before ␤-blockers, 14% (95% CI, 7 to 21) will have another arrest (aborted or fatal) within 5 years while on ␤-blockers, with almost half of the 5-years arrest events within the first 6 months after starting ␤-blocker therapy ( Figure 4B ). These percentages are increased for those Ͻ10 years old when ␤-blockers were initiated (Table 6 ).
LQTS-Related Death After Starting ␤-blockers
Among 33 LQTS patients who died after starting ␤-blockers, 20 deaths occurred during matched post-␤-blocker periods and 13 afterward, with 4 patients Ͻ1 year of age dying (Table  7) . Two thirds of the deaths were females. Mean baseline QTc value among fatal cases (0.53Ϯ0.06) was slightly longer than in the overall study population. ␤-blockers were started mostly before adolescence (mean age 9Ϯ8 years), with death on average 5 years later (mean age 14Ϯ9). Among 33 patients who died, 79% had one or more cardiac events before starting ␤-blockers, including 30% with one or more aborted cardiac arrests. Seventy-six percent (25 of 33) of patients had a known prescription for ␤-blockers at last contact before death, but their compliance in taking the ␤-blockers on the day of death is uncertain. Other variables without significant contribution to either model included proband/affected family-member status, QTc, congenital deafness, gender, heart rate, other therapy, and family history of LQTS-related death. Patients were considered on ␤-blockers until 2 days after going off therapy. ACA indicates aborted cardiac arrest.
*Includes syncope, aborted cardiac arrest, or death. †Ratio of the risk of experiencing a cardiac event during any period of time on ␤-blockers for patients with the factor present compared to patients in the lowest risk category (the reference group with hazard ratio set to unity by convention).
‡CI for hazard ratio. §ACAϭaborted cardiac arrest with or without syncope.
Discussion
␤-adrenergic blocking drugs are considered the treatment of choice in LQTS patients. 4 We found a significant reduction in the mean rate of cardiac events after starting ␤-blocker therapy. However, patients who had symptoms before ␤-blocker therapy have a high likelihood of experiencing recurrent cardiac events (32% within 5 years) despite being on ␤-blockers. Furthermore, 14% of patients with an aborted cardiac arrest before ␤-blockers are expected to experience recurrent cardiac arrest or death within 5 years while on ␤-blockers.
We are unable to compare the experience of patients on ␤-blockers to what it would have been if the patients were not treated. Reliable evaluations on this issue can come only from a randomized trial, or possibly from a retrospective matched case-control analysis. We could not perform a case-control analysis because of the limited number of high-risk patients in the Registry who were not treated with ␤-blockers.
There are several limitations associated with this observational, retrospective study of the LQTS Registry. ␤-blocker treatment was not allocated at random, thus unmeasured factors could have influenced the effects of therapy. We tried to minimize bias by using matched-period analyses before and after initiation of ␤-blockers, with patients serving as their own controls. This approach could introduce chronological bias if the naturally occurring cardiac event rate declines with increasing age. We found that the cardiac event rates before ␤-blockers were stable for patients in the 10 to 40 age range, and event analyses in this age group (data not shown) were similar to those presented in Table 6 . We do not know how compliant the patients were in taking the prescribed ␤-blocker therapy. Some patients who died while on ␤-blockers may have been noncompliant in taking their prescribed medication in the 24 hours before.
The appropriate or optimal dose of ␤-blockers in the treatment of LQTS is uncertain. The average dose of ␤-blockers prescribed for LQTS patients in the Registry was somewhat below the generally recommended therapeutic dose for patients with heart disease. Although the number of patients with available data on dose of ␤-blockers per kilogram body weight per day is somewhat limited (Table 2) , we did not observe a reduction in event rates at higher ␤-blocker doses (Figure 3 ). This unexpected lack of a dose-response effect warrants further study.
Patients with LQT1 and LQT2 genotypes may be more susceptible to the precipitation of ventricular tachyarrhythmias by adrenergic trigger mechanisms than patients with the rarer LQT3 mutation. In the present study, ␤-blockers had similar effects in reducing cardiac event rates in LQT1 and LQT2 patients but did not eliminate aborted cardiac arrest or LQTS-related sudden death. Although the number of patients with LQT3 is quite small and the event rates in this genotype are quite low, no beneficial ␤-blocker effect was evident in LQT3.
The arrhythmogenic mechanisms associated with LQTS are complex, and adrenergic phenomena are unlikely to be the sole cause of life-threatening tachyarrhythmias. The findings in Table 4 suggest that a relationship exists between ␤-blocking QTc shortening and reduction in cardiac events.
Our findings indicate that ␤-blocker therapy is not entirely effective in preventing arrhythmic sudden death in LQTS patients, possibly because of inadequate dosage, noncompliance, and/or incomplete effectiveness of ␤-blockers in preventing ventricular fibrillation in this disorder. ICD therapy in combination with ␤-blockers can be a life-saving approach in selected high-risk LQTS patients. 4, 8 As shown in the present study, LQTS patients with aborted cardiac arrest before ␤-blocker therapy have a high likelihood of experiencing recurrent aborted cardiac arrest or death despite ␤-blocker therapy; we now recommend ICD therapy and ␤-blockers in these very high-risk LQTS patients. A, Estimated cumulative probability of experiencing syncope, aborted cardiac arrest, or LQTS-related death on prescribed ␤-blockers in LQTS patients who were asymptomatic (dotted line) or symptomatic (solid line) before starting ␤-blockers. B, Estimated cumulative probability of experiencing aborted cardiac arrest or death on ␤-blocker therapy in LQTS patients who were asymptomatic (dotted line), had only syncope (dashed line), or had experienced aborted cardiac arrest (solid line) before ␤-blockers. Vertical lines are 95% CIs. Risk curves are for LQTS patients started on ␤-blockers at Ն10 years of age; the risk curves are higher for those started at a younger age. Time periods off therapy for Ͼ2 days are excluded. See Table 6 for patient numbers. None of the 33 patients who died had congenital deafness or received an implanted cardioverter defibrillator. *Last prescribed dose per day of ␤-blockers patients were known to be on before death. Compliance in taking the ␤-blockers on the day of death is uncertain. Syn indicates syncope; A, atenolol; N, nadolol; P, propranolol; Off Rx, discontinued ␤-blockers; Unk, unknown dose; PM, pacemaker; and LCTSG, left cervicothoracic sympathetic ganglionectomy.
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†LQTS treatment (Rx) other than ␤-blockers. ‡Death during the matched ␤-blocker period (see Table 3 ). §Died during anesthesia for LCTSG surgery.
